Heavy transition-metal oxides are widely studied for key applications in electronics and energy technologies. In cutting-edge organic-light-emitting-diode (OLED) devices, there remain scientific challenges to achieve an efficient transfer of charges between electrodes and the organic layer. Recently, polymorphic MoO 3 has been actively investigated to exploit its unique high work-function values, especially for its use in the electrode buffer layer to effectively transfer the charges in OLED devices. However, no systematic fundamental studies of its electronic structure are available. Thus, in this study, we use first-principles density-functional theory to investigate both the crystal structure and the electronic structure of the MoO 3 polymorphs, and we conclude with a simple perspective to screen the best candidate for OLED applications via a hole transport-barrier descriptor.
I. INTRODUCTION
Binary oxides of molybdenum and tungsten are extensively studied for their wide range of applications in electronics and energy technologies [1] [2] [3] [4] . Given their wide band gaps and high work functions, these heavymetal oxides are choice materials as hole-injection contact layers in organic light-emitting diodes (OLEDs) as well as organic photovoltaics [4] [5] [6] . It is apparent that the superior physiochemical properties of molybdenum and tungsten oxides are strongly correlated to their intrinsic electronic structure, as well as their unique geometrical arrangement of distorted metal-oxygen octahedrons [7] [8] [9] [10] .
To date, several phases of MoO 3 have been experimentally investigated under different synthesis conditions, from the thermodynamically preferred α-MoO 3 [11] [12] [13] to the metastable phases of II- [14] [15] [16] [17] , h- [18, 19] , and β-MoO 3 [20, 21] . The basic structural motif of MoO 3 comprises the topological arrangement of the MoO 6 octahedron-i.e., one Mo atom at the center with six coordinating O atoms around the Mo atom. As shown in Fig. 1 , the MoO 6 octahedron is connected distinctively for each polymorphic phase. For instance, α-, II-, and h-MoO 3 contain both corner-and edge-sharing oxygen atoms, while β-MoO 3 has only corner-sharing oxygen atoms.
Of all the polymorphs, the stable α phase of MoO 3 is the most widely studied and investigated. Specifically, the very deep work function (approximately 6.8 to 6.9 eV [22] ) and low-lying conduction band of α-MoO 3 (i.e., close enough to the highest occupied molecular orbital level of the organic layer) permit thermally promoted electrons into the empty conduction bands of α-MoO 3 . This characteristic makes α-MoO 3 a very attractive candidate material for a hole transport layer in organic optoelectronic devices [4, 22, 23] . However, to date and in this aspect, not much is known about the corresponding optoelectronic properties of the other metastable polymorphs, and there has not yet been a systematic study of their electronic structure.
In this work, using first-principles density-functional theory (DFT) calculations, we systematically examine the crystal structure and electronic structure of the various polymorphic phases of MoO 3 . Then we attempt to provide a theoretical perspective on the electronic-band alignment of these oxides for potentially important organic semiconductors in OLED applications.
II. METHODOLOGY
All calculations are performed using DFT with the localdensity approximation (LDA) and various generalized-gradient approximations (GGAs) for the exchange-correlation (xc) functional as implemented in the Vienna ab initio simulation package (VASP) [24] [25] [26] . Namely, the GGA attributed to Perdew, Burke, and Ernzerhof (PBE) [27] , its semiempirical van der Waals (vdW)-corrected term with Becke-Jones damping (PBE þ D3BJ) [28] , and the self-consistent vdW-corrected functional (optB88) [29] are used for the geometry optimization of all oxide polymorphs.
The projector-augmented wave method [30] is adopted to describe the ion-electron interactions, and a plane-wave basis set with a kinetic energy cutoff of 500 eV is used to expand the Kohn-Sham orbtials for all calculations. Furthermore, Γ-centered k-point meshes of 6 × 2 × 6, 6 × 6 × 3, 4 × 3 × 3, and 6 × 2 × 6 are used to sample the unit-cell Brillouin zone in α-, II-, β, and h-MoO 3 phases, respectively. These calculations have been tested for convergence with respect to the kinetic-energy cutoff and k-point grid where the total energies, forces, and external pressure vary less than 20 meV, 0.02 eV Å −1 , and 0.5 kbar, respectively. After obtaining the optimized geometries, to afford a more accurate description of the electronic band structure of these oxides, the hybrid DFT xc functional attributed to Heyd, Scuseria, and Ernzerhof (HSE06) is employed [31, 32] .
Following Refs. [33] [34] [35] [36] , to obtain the band offsets and align the band edges of each MoO 3 polymorph, we first calculate the 1s core level of Mo (within the initial-state approximation) in bulk α-MoO 3 and its unrelaxed bulktruncated (010) surface, which neglects the influence of surface states in the bulklike region. The difference in the core levels, Δε c , is then obtained by comparing the Mo 1s core level of the bulk (ε bulk c ) and the unrelaxed surface (ε slab c ) of α-MoO 3 :
We next proceed to compute the average local potential to determine the vacuum potential (V slab ) of the (010) unrelaxed surface. With V slab and Δε c at hand, the vacuum level with respect to bulk α-MoO 3 (V bulk ) is established. Now, the ionization potential (IP) of the Mo 1s core electron for each bulk phase, I bulk c , is evaluated by
With both Eq. (1) and Eq. (2), the valence and conduction band edges for each bulk phase of MoO 3 can now be aligned with respect to the absolute vacuum level.
III. RESULTS AND DISCUSSION
A. Atomic and crystal structure of MoO 3 polymorphs
Focusing first on the structural aspects, we now discuss the calculated lattice parameters in the different polymorphic phases of MoO 3 . The calculated lattice constants a 0 , b 0 , c 0 , the β angle (θ β ), and the optimized unitcell volume, V 0 , using the different xc functionals are listed in Tables S1-S4 of the Supplemental Material [37] , and their percentage errors are plotted in Fig. 2 .
For the structurally similar α and II phases, there are empty interlayer spaces between the stacked bilayers connected by weak vdW forces, which is very similar to other stacked two-dimensional materials, e.g., graphite [38] and black phosphorus [39, 40] . We find that the vdWcorrected xc functionals (optB88 and PBE þ D3BJ) show the best agreement with the reported experimental values [11, 14] . Here, the measured perpendicular interlayer vdW distance between the bilayer planes of α-and II-MoO 3 is found to be 0.72 Å. The calculated LDA lattice parameters are underestimated, while the ones calculated using the PBE functional fails to correctly capture the perpendicular interlayer vdW distances (by approximately 11% when compared to experiments).
Turning to h-and β-MoO 3 , again, the optB88 and PBE þ D3BJ xc functionals outperform both LDA and PBE, with optB88 yielding the smallest percentage error for β-and h-MoO 3 , respectively, when compared to experiments. PBE generally overestimates the lattice parameters for these two phases.
Henceforth, we will continue to discuss the structural features of these MoO 3 polymorphs as calculated using the vdW-corrected optB88 xc functional, with the tabulated optB88 values consolidated in Table I . Far from ideality, MoO 3 polymorphs are known structurally to undergo the largest internal distortions in the octahedra network accompanied by an off-centered displacement of the central Mo atom within the MoO 6 octahedron [7] .
From our optB88 relaxed structures, we measure and average the values of the Mo─O bond length (d Mo─O polymorphs, averaging 2.00 Å and almost 90°for the bond distances and angles. However, we find that the standard deviation of these measured bond lengths and angles can differ up to 0.25 Å and 12.8°, respectively-particularly for h-MoO 3 .
B. Electronic structure of MoO 3 polymorphs
Having considered the atomic and crystal structures of the various MoO 3 polymorphs, we now examine the electronic structure of these polymorphic phases in detail.
To begin with, we will first turn to the most commonly observed polymorph of MoO 3 ─α-MoO 3 .
Compared to the previously reported electronic band structure of α-MoO 3 , our calculated band structure for α-MoO 3 , as shown in Fig. 3(a) , agrees well in terms of the overall band dispersion [23] . The valence-band maximum (VBM) of α-MoO 3 is located at the U k point, while the conduction-band minimum (CBM) is positioned at the Γ k point, yielding an indirect band gap. We note that the energy difference between the valence band edge near the U and R k points is very small (0.02 eV).
Overall, the valence states are rather delocalized, with a degenerate character at the valence band edge, while the conduction states are nearly flat along the Γ → Y direction in the first Brillouin zone (BZ). This finding implies that the effective mass of the holes in the α-MoO 3 system will be smaller than that of the electrons. The fundamental energy band gap, E g of α-MoO 3 is determined to be 2.95 eV and is in line with the previously reported values (see Table II ). Phase polymorphs. All polymorphic phases exhibit an indirect band gap, with the exception of the β phase, which yields a direct band gap. The positions of the valence-band maximum (ϵ VBM ) and the conduction-band minimum (ϵ CBM ) are determined from the HSE06 electronic-band-structure diagrams plotted in Fig. 3 . The corresponding experimental values (expt) are listed for comparison.
Phase From the calculated projected density of states shown in Fig. S1 of the Supplemental Material [37] , the valence band is comprised mainly of the O 2p states, while the conduction band is dominated by the hybridized states of Mo 4d and O 2p. This result is reflected in the partial electron density calculated at both the VBM and the CBM, as shown in the right panel of Fig. 3(a) . This picture follows the general feature of highly ionic metal-oxide semiconductor (e.g., WO 3 ), where the valence band shows a strong O 2p character, while the conduction band is primarily composed of the cation d character [23, 49] . From the partial electron density in Fig. 3(a) , we have also found that the contribution of Mo is rather limited only to the CBM, while the O orbital character can be found near both band edges. Interestingly, for both the VBM and the CBM, we also notice that the 2p orbital contribution of the O atoms near the perpendicular vdW interlayer spacing is much less than that of the corner-and edge-sharing O atoms.
With regards to the structurally similar II-MoO 3 phase, its electronic band structure is plotted in Fig. 3(b) . Surprisingly, despite its close structural resemblance to the α phase, II-MoO 3 shows a rather distinct dispersion behavior in its electronic band structure, albeit having very similar partial electron densities at the band edges and projected densities of states. Like α-MoO 3 , II-MoO 3 also possesses an indirect energy band gap of 2.98 eV. The VBM is placed at the C k point, with a very flat dispersion along the C → E direction in the first BZ, while the CBM is located at the B k point, with fairly delocalized and dispersive states. The energy difference between the C and E k points at the valence band edge is also very small (i.e., less than 0.01 eV) and that, between the Γ and B k points near the conduction band edge, is 0.08 eV. Given the opposite dispersion behavior of the states near the band edges for both α-MoO 3 and II-MoO 3 , one might tailor the type of charge carriers for MoO 3 -based devices by attempting to "crystal" engineer the stacking sequence of MoO 3 bilayers.
Next, we examine the electronic band structure of h-MoO 3 -the least densely packed polymorphic phase of MoO 3 . From Fig. 3(c) , the VBM is found near the K k point while the CBM is located at the A k point, giving the largest indirect band-gap energy of 4.12 eV amongst all of the polymorphs in this work. We find that, while the valence band edge is most flat along all reciprocal directions in the first BZ, the conduction band edge is only flat along certain reciprocal directions, including A → H and L → H. The flat bands in the conduction band (approximately equal to 4-6 eV) is clearly reflected in the more localized projected density of states at the conduction-band region (Fig. S1 of the Supplemental Material [37] ).
The partial electron density in the right panel of Fig. 3 (c) shows that the VBM is mainly dominated by the O 2p states, while the CBM has both a Mo 4d and an O 2p character. In a similar fashion to the α-and II-MoO 3 cases discussed above, the O atoms lining the hexagonal channels in h-MoO 3 play an analogous role to that of the perpendicular vdW interlayer spacing in both the α and II phases, which contribute much less that those corner-and edge-sharing O atoms.
To date, several experimentally measured E g 's of h-MoO 3 have been reported [19, [45] [46] [47] , ranging from 2.6 to 3.0 eV. However, to the best of our knowledge, the theoretical E g of h-MoO 3 has not been reported. Our HSE06 E g of h-MoO 3 is found to be much higher that those of the experimental values.
We attribute this rather large difference in E g to the experimental phase coexistence of secondary structures (e.g., Li:MoO 3 ) and other point defects, which can be nonnegligible depending on the experimental conditions. In a similar system-i.e., the h-WO 3 system, it was previously reported that, during the synthesis process, the interstitial dopants trapped in the channel sites can dramatically alter the size of E g or giving rise to n-type conductivity by upshifting the Fermi level to the conduction band [50] [51] [52] . Likewise, the same might apply for the synthesis of h-MoO 3 , where trapped ions in the hexagonal and trigonal channels may be unavoidable even after persistent washing, and thus afford a lower band-gap energy than the "pure" hexagonal phase.
Last but not least, we refer to the electronic structure of β-MoO 3 in Fig. 3(d) . Unlike all other phases of MoO 3 , the β phase possesses a direct band gap of 2.8 eV at the high-symmetry Γ k point, which is very much in line with the reported experimental value [47, 48] . Arguably, the "directness" of its electronic band gap is somewhat controversial-the VBM and the CBM are almost undistinguishable at both the Γ and B k points, with very small energy differences of 0.02 and 0.01 eV, respectively. On this note, we propose that a more accurate and precise theory that goes beyond the ground-state DFT (e.g., the GWþ Bethe-Salpeter equation theory) might be necessary to clarify uncertainty.
Despite this ambiguity, we find that the projected density of states is very similar to that of the other polymorphic phases (see Fig. S1 of the Supplemental Material [37] ), especially so for the localized features near the valence band edges due to the flat bands at the VBM. From the partial-electron-density plots in Fig. 3(d) , the contribution of Mo 4d states is found only in the CBM, while that of O 2p states are available in both the CBM and the VBM. Even though the β phase has neither the perpendicular vdW interlayer spacing in α-and II-MoO 3 nor the large porous channels of h-MoO 3 , the contribution of the O atoms to the band edges are still different, while that at the Wyckoff position 2d is lower than the other oxygen atoms.
In short, the electronic band structures of the MoO 3 polymorphs are found to indeed depend on the explicit arrangements of the MoO 6 -octahedra network, and different geometrical arrangement of these MoO 6 octahedra, particularly the corner-sharing units, dictate the band dispersions and band-gap energies in these MoO 3 polymorphs. Specifically, the very large E g found in the h-MoO 3 phase is intriguing, and we argue that this "anomaly" found for h-MoO 3 may be accounted for by considering its relative volumetric packing density, referring to V unit and V oct in Table I .
We observe that, in general, the E g of the MoO 3 polymorphs increases with an increasing V unit and a decreasing V oct . On a much smaller scale, the V oct parameter can be seen as a measure of how compressed or expanded the MoO 6 octahedron is, relative to the considered phases. Upon compression, it is known that short bond distances will encourage a more effective overlapping of bonding orbitals, which then leads to a closing of the energy band gap. This knowledge rationalizes the smaller E g of β-MoO 3 compared to that of the α and II phases, which have a similar V unit value. On the other hand, a larger value of V unit will require a sparser filling of unit volume by the MoO 6 -octahedra network, which may then lead to the opening of the E g value. Thus, having a geometrical structure with large cavity and channels and a larger V unit value, the larger E g of h-MoO 3 may then not be too surprising.
C. Electronic-band alignment of MoO 3 polymorphs
In OLED devices, n-type transition-metal oxides including MoO 3 and WO 3 are commonly used as an anode buffer layer connected between the organic light emitter and the metal anode [5, 53] . The role of this anode buffer layer is to ease the transport of generated holes from the anode to the organic layer, while blocking the holes from flowing back to the anode. If the hole transport barrier from this layer towards the organics is low and that from the organics to the buffer layer is high, the overall performance of the OLED device will be increased.
In order to determine the hole transport barrier between MoO 3 and some commonly used organics in OLED, we plot the band-edge alignment diagram of the various MoO 3 polymorphs and the organic materials in Fig. 4 . Since the Fermi level of the n-type semiconductor is placed near the CBM, the position of the CBM (ϵ CBM ) relative to the IP of the organics is a critical descriptor of the hole transport barrier which can be calculated and compared.
In Fig. 4 , we find that the ϵ CBM of α, II, and β-MoO 3 is positioned below the IP of most organics. This finding implies that the hole generated will face a transport barrier when moving from these polymorphs of MoO 3 . Given its much larger band-gap energy and the much higher position of ϵ CBM , h-MoO 3 may then be the most promising MoO 3 polymorph as an anode buffer layer to connect the organic light emitter and metal anode since it will experience the least prominent hole injection barrier for the holes moving to the organics. Furthermore, the lower position of the VBM will provide a larger energy barrier to prevent the holes from moving back to the MoO 3 layer.
Certain key physical processes (e.g., the orientation and termination of the oxide surface in contact [36] , the point defects [55] , the stress-strain effects [56] , and the surface charge transfer [57] in the oxide contact, etc.) are known to have a non-negligible impact on the electronic structure of the organic-oxide interface. In this aspect, our work described here serves only as a first step towards a deeper understanding of these complex organic-oxide interfaces for actual OLED applications, without the full consideration of these more complex processes. For instance, for the α phase of MoO 3 , a substantial change in the electronic band gap of up to 0.2 eV per 1% strain in the non-vdW direction has been predicted when using the vdW-corrected semilocal xc functional (optB88) [56] . It was also reported that a non-negligible downshift of 0.3 eV in the valence band edge of MoO 3 has been observed when in contact with p-doped graphene [57] , while noting that the reported experimental band gap value of α-MoO 3 is approximately 3 eV. In the first instance, we deem that a preliminary comparison of the physical properties of various bulk MoO 3 phases at the same footing (i.e., without defects, band bending by interface contacts, and strain effects) might be a more straightforward and unbiased examination of the organic-MoO 3 interface.
Here, our calculated band-edge alignment thus provides a simple perspective where the hole transport-barrier descriptor can be calculated and then used to screen for the best candidate for OLED applications.
IV. CONCLUSION
Using first-principles DFT calculations, we systematically examine the crystal structure and the electronic structure of the various polymorphic phases of MoO 3 . We find that the vdW-corrected optB88 xc functional gives the best description of the lattice parameters, and, using the optB88-optimized atomic structures, we perform electronic-band-structure calculations using the hybrid HSE06 xc functional. By comparing the explicit arrangements of the MoO 6 -octahedra network in these MoO 3 polymorphs to their calculated electronic band structures, different geometrical arrangement of the MoO 6 octahedra, particularly the corner-sharing units, dictate the band dispersions and bandgap energies in these MoO 3 polymorphs. Specifically, a very large band-gap energy is found for the hexagonal h-MoO 3 phase, and we rationalize this anomaly by accounting for the relative volumeric packing density in these oxide polymorphs. We then perform band-edge alignment for these MoO 3 polymorphs with commonly used organics in OLED devices to provide a theoretical perspective to screen for the best candidate for OLED applications via a hole transport-barrier descriptor. 
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Crystal structures of MoO 3 polymorphs
Molybdenum trioxide (MoO 3 ) is known to crystallize in various polymorphic phases: The orthorhombic α-phase (which is the room-temperature thermodynamically stable phase) [1, 5, 6] , the two monoclinic β- [4, 7] and II-phases [2, 8] , and the hexagonal h-MoO 3 phase [3, 9] . These polymorphs of MoO 3 vary in their distortion and geometrical combination of MoO 6 -octahedra, with the α-and II-phases forming covalently bonded MoO 6 octahedra within a two-dimensional layer while weakly bonded by van der Waals forces between the layers. The β-phase consists of only corner-sharing MoO 6 octahedra, while the hexagonal h-phase comprises of hexagonal and trigonal 1D channels formed via corner-sharing MoO 6 octahedra. synthesized from α-MoO 3 , under high temperature and pressure conditions which induces a phase transition to the II phase [2, 13] . The mechanical stiffness of II-MoO 3 is measured to be 143.4 GPa, which is approximately three times higher than that of α-MoO 3 [13] .
h-MoO 3 : This phase has a space group of P 6 3 /m, and the unit cell holds 3 formula units. 3 corner-sharing MoO 6 -octahedra forms a triangular unit which then makes an exact trigonal channel with a edge length of 2.78Å. From this six triangular unit framework, h-MoO 3 forms a larger star-shaped hexagonal channel with a diameter of 6.1 and 12.2Å.
This channel diameter is larger than that of h-WO 3 , which is found to be 5.5Å [14] . The existance of these one-dimensional channels in functional oxide materials are proven to act as an effective medium for the intercalation of ions [9, 14] for various opto-electronic S5 applications such as electrochromic devices.
β-MoO 3 : This monoclinic phase with the space group P 2 1 /n has a distorted ReO 3 -type structure, where composing MoO 6 -octahedra are all connected via corner-sharing oxygen atoms. The tilt system of the β-phase can be expressed with the Glazer notation of a − b + c − , which is identical to that of γ-monoclinic WO 3 [15] . Especially, this phase can be categorized as a perovskite-like structure, since its structure (and chemical formula) follows that of the ABO 3 perovskite with a missing A cation. In this perovskite-like structure, it is reported that various environmental variables such as temperature and pressure can easily incur more severe intra-and inter-octahedral distortions [7, [15] [16] [17] [18] . 
